by the addition of ethylene glycol (to a final concentration of 40%) followed by addition of a concentrated NaCl solution to a final concentration of 200 mM. The resulting turnover product was concentrated in an Amicon microfiltration pressure concentrator using a cellulose PLHK ultrafiltration membrane with a 100,000 molecular weight cut off. The resulting 'high-CO' nitrogenase samples were concentrated under 202 kPa CO ( 12 CO or 13 CO). The 'low-CO' nitrogenase samples were produced similarly but with a final concentration under 202 kPa Ar. The Fe EXAFS sample without CO present, marked as "turnover" in the text, was exposed to the turnover conditions described above but under an Ar atmosphere in all reaction stages; no CO was ever present. This is to ensure all reported changes are due to CO binding and not to turnover conditions. NRVS Measurements and Data Processing. Samples for 57 Fe NRVS employed 57 Fe-enriched MoFe protein. NRVS data were recorded at beam-lines BL09XU and BL19LXU, SPring-8, Japan 5, 6 . During NRVS measurements, samples were maintained at ~20K using a liquid He cryostat. Exact temperatures for individual spectra were calculated using the ratio of anti-Stokes to Stokes intensity according to the equation: S(−E) = S(E)exp(−E/kT). Spectra were recorded between −20 meV and 100 meV in 0.25-meV steps. Resolution for these data is approximately 8 cm -1 . Nuclear fluorescence and Fe K fluorescence (from internal conversion) were recorded using an APD array 7 . All scans were added and normalized to the intensity of the incident beam. To achieve better statistics in high energy regions of the spectrum, dwell time was adjusted so more time was spent in regions of interest, such as the Fe-CO stretch region discussed in the main text. Partial vibrational density of states (PVDOS) were calculated using the program Phoenix 8 . Figure S1 . Lo-CO and photolyzed hi-CO NRVS spectra of N 2 ase. As in the main text, the partial vibrational density of states for 57 Fe are calculated.
Normal Mode Calculations. Normal mode calculations were performed using a modification of the program Vibratz 9 and a Urey-Bradley force field 10 . The parameters for this force field determine the potential energy V as previously described 11 . 
EXAFS Measurements and Data Processing.
Mo and Fe X-ray absorption spectra were measured at Stanford Synchrotron Radiation Lightsource (SSRL) beamline 7-3 using their inhouse EXAFS equipment. Samples were frozen in custom-made Lucite cuvettes (Mo: 10 × 2 × 10 mm; Fe: 20 × 3 × 2 mm) and mounted inside an Oxford instruments CF1208 liquid helium cryostat cooled to 7K. Fluorescent X-rays were measured using a Canberra Industries 27element Ge detector, equipped with Soller slits and Zr (Mo) or Mn (Fe) filters to minimize scattered radiation. The presence of 40% ethylene glycol in the samples helped minimize ice crystal formation. Care was taken to monitor the near-edge spectra during data collection to eliminate the possibility of X-ray photochemical changes in the samples. Data analysis and curve fitting were performed using the EXAFSPAK suite of programs 13 with EXAFS phase and amplitude functions calculated using the FEFF 7.0 single scattering interface 14 .
Multiple Scattering Analysis of the 5 Å Mo-Fe Interaction of the FeMo-cofactor. To assess the overall impact of multiple scattering on the EXAFS, we tried fitting our multiple scattering model with a single Mo-Fe2-Mo interaction and an unchanged σ 2 . Figure S4 and Tables S3a and  3b show the results. Remarkably, for the FeMo-cofactor geometry used in Figure 6 , we find that the single scattering Mo-Fe2-Mo curve fit gives very similar N and E 0 values. 
COMPUTATIONAL
DFT Calculations. All the DFT calculations were performed using the PBE 15 functional and the LACV3P** basis set, as implemented in JAGUAR 7.9 16 software. For the first-and secondrow elements, LACV3P** implies a 6-311G** triple-zeta basis set including polarization function. For the Fe and Mo atoms, LACV3P** uses the Los Alamos effective core potential (ECP), and the valence part is essentially of triple-zeta quality. The geometries optimized at the PBE/LACV3P** level were used for the analytic Hessian calculations, resulting in the harmonic frequencies and IR intensities discussed in the text. We found the present and essentially equivalent setups to perform well for the vibrational dynamics of the iron-sulfur systems 17 18 19 20 21 . The analysis of the computed normal modes has been facilitated using an in-house Q-SPECTOR Python tool, applied to model the NRVS, or, equivalently, 57 Fe partial vibrational density of states (PVDOS) spectra. The 8 cm -1 Lorentzian broadening of the calculated mode intensities was empirically found to fit well the NRVS data from the experiment. Q-SPECTOR was also applied to build the kinetic energy distribution (KED) diagrams, again applying the 8 cm -1 Lorentzian broadening. The KED diagrams for Fe2-CO and Fe6-CO were used to target the corresponding stretching modes ( Figure S6 ). In addition in Figure S6 , the Fe-CO KEDs point to the positions of the bound carbon monoxide C-O stretching modes and, in the case of model 1, to the formyl H-C-O bending mode. In Figures S7 and S8 , the [6Fe-C i ] KED, which is a sum of the six Fe-C i KEDs for the iron sites forming the central cage, was used to identify respectively the 'shake' and 'breathing' modes (see also the main text).
Structural Modeling.
Initial coordinates for the [Mo-7Fe-9S-C i ] cofactor core and its covalent ligands Cys-275, His-442, and R-homocitrate (HCA) were extracted from the 1.16 Å 1M1N PDB file 22, 23 . Cys-275 was simplified to methylthiolate, His-442 to imidazole, and HCA to glycolate ( -OCH 2 -COO -).
Metal Sites Oxidation Level and Spin
Coupling. The present modeling assumes [Mo 4+ 3Fe 3+ 4Fe 2+ ] formal oxidation levels for the transition metal ions comprising the FeMocofactor in the S = 3/2 resting state (model 0), as proposed earlier 24 25 26 27 . The same oxidation level as for model 0 and the S = 1/2 spin state are assumed when modeling the CO-bound Hi-1 species (model 1). In the S = 0 EPR-silent Hi-3 species studied earlier 17 , the cofactor is 1e - reduced (model 3) . A set of seven Fe-site spin vectors satisfying the total FeMo-cofactor spin in all three cases is not unique. Following the broken symmetry (BS) concept 28 29 , we used socalled BS7 spin-collinear coupling 30 for the Fe sites of the models 0 and 1. For the 1ereduced species, or model 3, we used BS2 coupling as applied earlier 17 31 . The initial BS electronic structures were constructed using an option to assign a number of unpaired / electrons and formal charges to the Fe atomic fragments, as implemented in JAGUAR 7.9. The resulting selfconsisted field (SCF) solutions bear a mixed-valence Fe 3+ /Fe 2+ character, however retaining the BS7 (models 0 and 1) and BS2 (model 3) spin densities patterns. 
